ABSTRACT
INTRODUCTION
Lithium ion batteries (LIBs) have received wide attention in the commercial market of portable electronic devices [1, 2] , energy storage systems [3] [4] , and electric vehicles [5] [6] due to their excellent characteristics, such as long cycling life, high energy density, and no memory effect [7] [8] [9] . However, with the rapid development of science and technology, the researches of higher capacity and longer cycling performance of LIBs have become urgent. On the other hand, sodium ion batteries (SIBs) have recently received wide publicity as an energy storage system due to more natural abundance of Na reserves [10, 11] . The theoretical capacity of the traditional commercial graphite anode is only 372 mA h g −1 for LIBs [12, 13] , even lower for SIBs [14, 15] , limiting the application of high efficiency energy demand with high stability both for LIBs and SIBs. Thus, it has been drawing wide attention to develop new anode materials, which not only have relatively high capacity but also maintain good cycling stability.
In recent years, transition metal oxides (TMOs) in optics [16, 17] , magnetism [18, 19] , catalysis [20, 21] and electronic fields [22, 23] show superior performance, and the nanosized TMOs have been used as anode materials for LIBs, and considered as promising candidates to solve the above mentioned problems [24] [25] [26] [27] [28] . Compared to graphite anodes, they have high theoretical capacity, such as MoO 3 (1,117 mA h g −1 ) [29, 30] , including the well-known thermodynamically stable normal phase α-MoO 3 [31, 32] , and metastable phase h-MoO 3 [33, 34] . As reported, metastable structures often demonstrate new or enhanced properties compared to their thermodynamically stable forms. For example, the tunnel structure of h-MoO 3 can lead to separate electron hole and offer a great deal of special positions for the cation (Li + /Na + ) insertion/extraction [35] . And the electrical conductivity of h-MoO 3 is better than that of the stable phase α-MoO 3 [36] . However, h-MoO 3 still faces the risk of volume expansion, leading to poor kinetics and capacity decrease during the charge/discharge process [37] .
So the urgent issue is how to enhance the stability of the structure. Carbon composite structures have been widely studied, such as core shell structure [38] [39] [40] , which is considered as an effective structure to solve the above problems. For instance, Xia et al. [41] synthesized MoO 3 /C nano-composites with a capacity of about 500 mA h g −1 at the 100 th cycle at a current density of 0.1 A g −1 for LIBs. Pan's group [42] have prepared MoO 3 /reduced graphene oxide delivering a capacity of about 208 mA h g −1 at 0.05 A g −1 after 50 cycles for SIBs. Hence, the shell, such as carbon or graphene, is the key factor to improve the stability and electroconductivity of the structure, which further affects the performance of the batteries. More importantly, according to previous studies [43] [44] [45] , the existence of porous structure can improve the electrochemical performance of carbon materials, boosting the electron transfer at the electrode/electrolyte interface and reducing the structural collapse caused by the volume change. Herein, porous h-MoO 3 @C nanofibers have been successfully synthesized with hot HNO 3 oxidizing MoO 2 @C nanofibers, which are prepared by a single electrospinning. On the one hand, MoO 3 has a higher theoretical specific capacity than MoO 2 . On the other hand, some of MoO 2 nanoparticles in the nanofibers are dissolved by hot HNO 3 , and the rest coated by carbon undergo in-situ phase transition and then are oxidized to form porous h-MoO 3 @C nanofibers. So the porous nanofiber structures not only provide free space for volume expansion, but also facilitate the migration of Li + /Na + . At the same time, the surface modification (-OH, C=O, C-NO 2 , -NH 2 ) by hot HNO 3 on the surface of the porous hMoO 3 @C nanofibers can further enhance the cyclic stability. As anodes for LIBs and SIBs, the porous h-MoO 3 @C nanofiber electrode shows excellent performance. This strategy provides a new route to synthetize core shell nanomaterials, which are both for LIBs and SIBs.
EXPERIMENTAL SECTION

Synthesis of MoO 2 @C nanofibers
The mixture of ammonium molybdate tetrahydrate (AMM, (NH 4 ) 6 , respectively. The as-prepared precursors in vacuum were dried at 80°C overnight, and then heated at 650°C for 2 h at a rate of 1°C min −1 in Ar to obtain MoO 2 @C nanofibers. The pure MoO 3 was obtained by annealing AMM at 650°C for 2 h in air.
Synthesis of porous h-MoO 3 @C nanofibers
The MoO 2 @C nanofibers (0.1 g) were added to the mixed solution of deionized water (60 ml) and concentrated ni- ) at 80°C for 20 h. Finally h-MoO 3 @C nanofibers were obtained by centrifugation several times, and then dried at 60°C.
Characterization
The samples were characterized by X-ray diffraction (XRD Cu Kα irradiation, λ=1.5418 Å), scanning electron microscopy (SEM, Hitachi S4800), transmission electron microscopy (TEM, JEOL-2010), X-ray photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller (BET), Fourier-transform infrared (FTIR, AVTA-TAR, 370), Xray photoelectron spectroscopy (XPS) and thermogravimetric analysis (TGA).
Electrochemical measurements
The electrochemical performance was tested using CR2025-type coin cells. The active materials (70 wt.%), conductivity agent carbon black (15 wt.%) and binder sodium carboxymethyl cellulose (CMC, 15 wt.%) were mixed in deionized water and absolute alcohol mixture by stirring at a constant speed for 8 h, and a homogeneous slurry was obtained, which acted as the electrode materials. The mixed slurry was then spread onto a copper foil and dried at 80°C in a vacuum oven for 12 h. The electrolyte contained a solution of 1 mol L −1 LiPF 6 in diethyl carbonate/ethylene carbonate/dimethyl carbonate (1:1:1, in wt./ wt.). These cells were assembled in an argon filled glovebox (O 2 and H 2 O levels less than 0.05 ppm). The charge/ discharge capacities were calculated based on the composite active materials (h-MoO 3 @C nanofibers or MoO 2 @C nanofibers). Cyclic voltammetry (CV) curves were tested using Chen Hua CHI 660E electrochemical station. The charge discharge measurements were carried out on an Arbin BT2000 system with the potential window of 0-3 V.
RESULTS AND DISCUSSION
The synthesis of porous h-MoO 3 @C nanofibers is briefly outlined in the schematic diagram, as shown in Fig. 1a . First of all, AMM/PVA precursor was prepared by electrospinning. After annealing at 650°C in Ar, the MoO 2 @C nanofibers were synthesized. Then after the hot HNO 3 treatment, some of MoO 2 nanoparticles in the nanofibers were dissolved and others coated by carbon were oxidized by in-situ phase transition, forming a porous structure of The micro morphologies of the as-synthesized products were analyzed by SEM. The image of the MoO 2 @C nanofibers after annealing at 650°C with a rate of 1°C min −1 in Ar is shown in Fig. 2a , which clearly reveals the core shell structures. The XRD diffractions can be readily indexed to MoO 2 , which shows that the AMM is absolutely converted to MoO 2 , as shown in Fig. 2c . The content of MoO 2 in the MoO 2 @C nanofibers is 63% in Fig. S1 (Supplementary information) by TGA. After acid treatment, the XRD of the product is shown in Fig. 2d , and all the identified peaks can be indexed to h-MoO 3 (JCPDS No. 21-569), which is due to the oxidation of MoO 2 , but the content of MoO 3 becomes only 26.24 % in Fig. S1 , the reason for which is that some of the MoO 2 nanoparticles were dissolved in HNO 3 solution and the rest underwent phase transition and then were oxidized to form hMoO 3 @C nanofibers. So in Fig. 2b , the core shell structure still exists and the surface of nanofibers becomes slightly rough with lots of pores. At the same time more SEM images of MoO 2 @C and h-MoO 3 @C nanofibers are shown in Fig. S2 . The reasons for the formation of core shell structure were explained in our previous reports [46, 47] .
In order to further distinguish the micro structures of the MoO 2 @C and h-MoO 3 @C nanofibers, TEM was characterized. In Fig. S3 , the image of the MoO 2 @C nanofibers clearly indicates that MoO 2 nanoparticles are coated by carbon. After acid treatment, the TEM image of the h-MoO 3 @C nanofibers is shown in Fig. 3a with a porous structure. Fig. 3b confirms the presence of crystalline h-MoO 3 coated by carbon with a characteristic plane of (410). The N 2 adsorption-desorption isotherms of the h-MoO 3 @C nanofibers exhibit type-IV isotherm associated with a surface area of 400.2 m 2 g −1
. The inset in Fig. 3c shows that the pore-size of nanofibers is micropores and mesopores. The porous nanostructure would provide more favorable transportation route, while the high surface area affords more adsorption sites for Li + /Na + , serving as reservoirs for Li + /Na + storage and channels for easy permeation of electrolyte [47] . At the same time, the oxygen-containing functional groups are also characterized by FTIR shown in Fig. 2d . With hot HNO 3 treatment, the surface of the h-MoO 3 @C nanofibers are modified with oxygen-containing functional groups (-OH, -C=O), which can form stable solid electrolyte interface (SEI) films, further enhancing the cyclic stability [48] .
In Fig. 4a ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   758 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1s spectra (Fig. 4b) exhibits signals corresponding to C=O and C-OH at ≈ 531.2 and 533 eV, respectively. The peak at 535 eV is a fingerprint of OH groups. The result well proved that oxygen-containing functional groups are modified on the surface of nanofibers in line with the FTIR result. Furthermore, the high-resolution C 1s spectra (Fig.  4c ) exhibits a main peak corresponding to C-C at 284.7 eV, along with a single one for C-N at 285.4 eV, and a further weaker band associated with C=O at 288.7 eV. Fig. 4d shows the two peaks at 235.8 and 232.7 eV are attributed to the binding energies of the 3d 3/2 and the 3d 5/2 orbital electrons of Mo 6+ [29] , respectively, indicating that there is no existence of Mo 4+ . The samples during charge/discharge process are tested by CV over the voltage range of 0-3.0 V at the scanning rate of 0.1 mV s −1 for LIBs, as shown in Fig. 5a . The peak at 2.02 V is only observed in the first discharge cycle, which comes from a solid SEI layer and the decomposition of the electrolyte [49] [50] [51] . In the subsequent CV steps, the main oxidation/reduction pair is 1.2/1.46 V, associating with the reaction of MoO 3 [52, 53] . The peaks (0.42 V) may be from Li x Mo alloys, which is due to the Li + insertion/extraction with different site energies for different nanostructures and composites [53] . The broad peak at 2.5 V should be due to the desertion of Li + from crystalline Li x MoO 3 [29] . The oxidation peaks near 0 V are attributed to the carbon, which is more obvious and shows the electrode possesses good electrochemical performance in the process of charge/discharge [46] . Fig. 5b shows the charge/discharge curves for the hMoO 3 @C nanofiber electrode at the current density of 0.1 A g −1 over the voltage range of 0-3.0 V. It was observed in the first cycle that the charge and discharge capacity of the h-MoO 3 @C nanofiber electrode can reach 878.1 and 1,595.3 mA h g , respectively, which may be caused by activation. And the Coulombic efficiency is estimated as 55%, which is caused by the formation of SEI and the decomposition of the electrolyte [54, 55] . In the next cycles, the Coulombic efficiency of the electrode could reach 99%.
As illustrated in Fig. 5c , the rate performances were tested at the current densities of 0.1, 0.3, 0.5, 1 and 2 A g . . . . . . . . . . . . . . . . . . . . . . . . . . . the h-MoO 3 @C nanofiber electrode has a good rate performance. Cycle performance is an important index to evaluate the performance of LIBs. Fig. 5d shows the cycling performances of h-MoO 3 @C nanofibers at 0.5 A g , the specific capacity of h-MoO 3 @C nanofiber electrode still can obtain 660.9 mA h g −1 .
To test the stability of hMoO 3 @C nanofiber electrode, the current density of 2 A g −1 is carried out, as shown in Fig. 5e . After 500 cycles, the electrodes still can maintain 302.9 mA h g −1
, remaining structure of the nanofiber from SEM images after cycling in Fig. S4 . The properties are not higher than most of publication about MoO 3 /C for LIBs. A possible reason may be that the MoO 3 ratio in the composites is relatively low due to the limitations of electrospinning [56] . On the other hand, the main objective of this study is to in-situ transfer MoO 2 to h-MoO 3 , resulting in the synthesis of hMoO 3 @C nanofiber with improved electrochemical performance. So it is necessary to calculate the theoretical capacity of the composites, judging the quality of the electrochemical performance. The theoretical capacity of . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   760 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . So it is possible that the specific capacity was higher than theoretical capacity.
It is interesting that the Na + storage performance of the porous h-MoO 3 @C nanofiber electrode is also excellent, especially the stability. Fig. 6a shows the CVs of the hMoO 3 @C nanofiber electrode at a scan rate of 0.1 mV s . . . . . . . . . . . . . . . . . . . . . . . . . . . , respectively. The large capacity losses are attributed mainly to the excessive surface reactions on the SEI films [60] .
The rate performances of the h-MoO 3 @C nanofiber electrodes at 0.05, 0.1, 0.2, 0.5, 1, and 2 A g −1 are shown in Fig. 6c . This result proves that the h-MoO 3 @C nanofiber electrode shows a good rate capability. To study the stability of the h-MoO 3 @C nanofiber electrode, the cycling performances were tested. In Fig. 6d , after 100 cycles, the MoO 2 @C nanofiber electrode shows poor stability and capacity retention at the current density of 0.1 A g −1
. Compared to the MoO 2 @C nanofibers, the porous h-MoO 3 @C nanofibers structures not only provide free space for volume expansion, but also facilitate the migration of Na + . As expected, the h-MoO 3 @C nanofiber electrode can maintain 300.9 mA h g −1 at the current density of 0.1 A g −1 after 100 cycles, when increased to 0.5, 1 and 2 A g , respectively, the capacities can still hold 223.1, 153.8 and 108.9 mA h g −1 at the 200 th , 500 th and 1000 th cycle, respectively (Fig. 6e, f) . After pre-cycling at 0.1 A g −1 , the higher current density (5 A g ) is carried out in Fig. 6f , showing excellent stability with 91 mA h g −1 at 1200 th cycle. The electrochemical performances of MoO 2 @C nanofibers and pure MoO 3 at 0.1 A g −1 are also provided in Figs S7, S8 , showing the unsatisfactory stability and performances. On the contrary, the porous h-MoO 3 @C nanofiber can obtain better stability, even higher than relevant publication of MoO 3 for SIBs [42, 57, 61] , the reasons for the performance of the porous h-MoO 3 @C nanofiber electrode for SIBs are summarized as follow: the rich porous structures could not only provide more electrochemical active sites and boost the lithiation/delithiation kinetics, but also facilitate the migration of Na + ; the oxygen-containing functional groups on surface form stable chemically bonded SEI films, further enhancing the cyclic stability [47] .
CONCLUSION
In summary, we synthesized porous h-MoO 3 @C nanofibers by nitric acid oxidizing MoO 2 @C for LIBs and SIBs. The carbon shell can not only maintain the stability of the structure, but also enhance the conductivity. Moreover, the core shell porous structures provide a large specific surface area of 400.2 m 2 g −1 , which further facilitates structural stability. As the anode materials for Li + /Na + storage, the porous h-MoO 3 @C nanofiber electrodes exhibit excellent rate and cycle performances. Therefore, we developed the nitric acid oxidation method to synthesize porous h-MoO 3 @C nanofibers, which were of improved properties as compared to MoO 2 @C both in LIBs and SIBs.
